TAG-1 is a mammalian cell adhesion molecule of the immunoglobulin superfamily that is expressed transiently by a subset of neurons and serves as a fertile substrate for neurite outgrowth in vitro (Furley, A.H., Morton, S.B., Manalo, D., Karagogeos, S., Dodd, H., Jessell, T.M., 1990 The axonal glycoprotein TAG-1 is an immunoglobulin superfamily member with neurite outgrowth promoting activity. Cell 61, 157-170). In order to examine the in vivo function of this molecule, we have cloned a zebrafish tag1-like cDNA and analyzed its expression patterns. tag1 is expressed transiently by specific subsets of neurons when they are projecting their axons or when they are migrating. The specific and dynamic pattern of expression of zebrafish tag1 is consistent with its proposed role in axon guidance and cell migration.
Results
TAG-1 is a rat axonal glycoprotein that is a member of the immunoglobulin superfamily of proteins (Furley et al., 1990) and is expressed transiently by specific subsets of developing neurons during the early phase of axonogenesis (Yamamoto et al., 1986; Dodd et al., 1988; Wolfer et al., 1994) . Homologs to TAG-1 have been cloned in chick (axonin-1) (Zuellig et al., 1992) , and human (TAX-1) (Hasler et al., 1993; Tsiotra et al., 1993) . TAG-1/axonin-1 has been shown to promote neurite outgrowth and possibly mask a growth-cone repulsive action of the floor-plate region of the spinal cord in vitro (Furley et al., 1990; Stoeckli et al., 1991; Stoeckli et al., 1997; Felsenfeld et al., 1994) . Antibody block experiments suggest that axonin-1 is required for normal pathfinding at the floor plate (Stoeckli and Landmesser, 1995) . We have cloned zebrafish tag1 and characterized its mRNA expression pattern as a first step towards further elucidating the role of this molecule for axonal outgrowth and cell migrations in the well characterized zebrafish embryo.
A zebrafish cDNA was cloned using the rat TAG-1 cDNA as a probe, and a full length clone was obtained using RT-PCR. The open reading frame predicts a protein of 1040 amino acids (GenBank accession no. AF064799) that is identical in domain structure with rat TAG-1, human TAX-1, and chick axonin-1 and contains an N terminal putative signal peptide, six immunoglobulin-like domains, four fibronectin III-like (FNIII) domains, and a C terminal hydrophobic domain characteristic of a GPI linkage domain. Additionally, the putative zebrafish protein con- The position of the otocyst is denoted by o. B-D show branchiomotor neurons from specific regions of the hindbrain in embryos that had been retrogradely labeled with diI, photooxidized, and processed for in situ hybridization with a tag1 riboprobe. (B) DiI application in the first arch in a 36 h.p.f. embryo retrogradely labels axons (white arrow) and cell bodies of the nV (trigeminal) motor nuclei. Many of the backlabeled branchiomotor neurons (arrowheads) express tag1. The caudal cluster of tag1 expressing nV neurons is not backlabeled since these neurons innervate the first arch several hours later. (C) DiI application in gill arches two-five in a 48 h.p.f. embryo retrogradely labels a large axon bundle (arrow) and the anterior cell bodies of the nX motor neurons. Some backlabeled neurons (arrowheads) express tag1. (D) DiI application in the second arch in a 36 h.p.f. embryo retrogradely labels the axons (arrow) and cell bodies of the nVII (facial) motor nucleus. Many of these motor neurons (arrowheads) express tag1. The caudal cluster of tag1 expressing cranial VII motor neurons was in this case not backlabeled with diI. Scale bar, 120 mm in A; 40 mm in B-D.
tains 11 putative N-linked glycosylation sites and like axonin-1 an KGE tripeptide rather than the RGD found in the 2nd FNIII domain of TAG-1 and TAX-1. The predicted amino acid sequence of zebrafish cDNA is 58% identical with TAG-1, 59% with TAX-1, and 58% with axonin-1. Chick axonin-1 and rat TAG-1 are 75% identical (Furley et al., 1990; Zuellig et al., 1992) . Based upon it's sequence and domain structure we have tentatively designated the cDNA as zebrafish tag1. Other Ig molecules have similar levels of homologies across species. For example, zebrafish DM-GRASP is 39% identical with chick DM-GRASP (54% identical in nucleotide sequence) and a partial sequence of mouse DM-GRASP is 76% identical with chick DM-GRASP (Burns et al., 1991; Tanaka et al., 1991; Kanki et al., 1994) . The similarity of expression patterns (see below) of the zebrafish cDNA and rat TAG-1 reinforces this assignment.
The expression pattern of tag1 was examined by in situ hybridization with a tag1 riboprobe applied to wholemounted embyros. In some cases embryos were labeled both for tag1 expression by in situ hybridization and axons with an antibody against acetylated a-tubulin to identify the tag1 expressing neurons. Neurons were identified by their size, location, and axonal trajectories Chitnis and Kuwada, 1990; Wilson et al., 1990) . Zebrafish tag1 expression is first detected in the trigeminal ganglion at 15-16 h post fertilization (h.p.f.) of development, and by 16 h.p.f. tag1 expression is seen in the acoustic/anterior lateral line ganglion and the posterior lateral line ganglion. By 21 h.p.f. and as early as 18 h.p.f. there is tag1 expressed in telencephalic and anterior diencephalic clusters of cells likely to be epiphyseal (ep) and nucleus of the posterior commissure neurons (n.p.c.); branchiomotor neurons in the hindbrain; and Rohon-Beard (RB) sensory and motor neurons in the spinal cord; and a row of cells in the trunk located at the midline just superficial to the yolk tube (Fig.  1B,C) . By 24-26 h.p.f., tag1 expression has decreased in the trigeminal ganglion, and is no longer evident in ep and n.p.c. neurons nor the cells superficial to the yolk tube (Fig.  1A,H) . tag1 is still expressed by the branchiomotor neurons in the hindbrain (Fig. 1I ) and spinal motor neurons (Fig.  1A,E) and by RB neurons but only in the more posterior regions of the spinal cord (Fig. 1A,G) . Additionally, tag1 is expressed by DoLA neurons (Fig. 1F ), some commissural (not shown) interneurons in the spinal cord, dorsoventral rows of cells between the spinal cord/notochord and the myotome that are likely migrating neural crest cells (Fig.  1A ,E,J; Raible et al., 1992) , and a few cells within the migrating primordium of the lateral line (Fig. 1J) . By 48 h.p.f. tag1 is now expressed by a several clusters of cells in the midbrain, one cluster in the forebrain, and in the cerebellum (Fig. 1K-M) . In addition cells (likely retinal ganglion cells) in the anterior/ventral eyes express tag1. At 48 h.p.f. only a few branchiomotor neurons and a few spinal motor neurons, and no RB neurons express tag1 (not shown). By this stage these neurons have for the most part already extended to their targets Metcalfe et al., 1990; Chandrasekhar et al., 1997) . These results suggest that tag1 expression by many neurons is transient and roughly correlates with the period of axonal outgrowth by these neurons.
The tag1 expressing cells in the hindbrain were identified as the branchiomotor neurons that innervate the pharyngeal arches in zebrafish by their locations (Chandrasekhar et al., 1997) . This was confirmed by demonstrating that tag1 expressing cells projected axons to specific pharyngeal arches by retrogradely labeling branchiomotor neurons with diI applied to specific arches, photooxidizing the labeled cells to give a brown peroxidase reaction product, followed by in situ hybridization for tag1 expression (Fig.  2) . This showed that all branchiomotor nuclei except the glossopharyngeal nucleus express tag1.
Experimental procedures
Zebrafish (Danio rerio) embryos were collected from a laboratory breeding colony, raised at 28.5°C, and staged according to standard methods (Westerfield, 1995) . For in situ hybridizations, digoxygenin labeled RNA probes were synthesized from a 3.1 kb tag1 cDNA clone, and hybridizations and washes were carried out as described by Westerfield (1995) . For diI injections, diI was pressure injected into pharyngeal arches, allowed to retrogradely label the arch innervating neurons and photooxidized in the presence of diaminobenzidine (Lubke, 1993) .
